This paper develops a fault tolerant attitude controller for next generation nanosatellites. The proposed fault tolerant attitude control algorithms in this study are based on first order and high order sliding mode control theory as well as fuzzy logic systems to achieve low cost and real time autonomy. A locally asymptotically stable adaptive fuzzy first order sliding mode controller is chosen as the best solution to the local attitude control tracking problem. This novel fault tolerant control is verified in the simulation results with reaction wheels' Coulomb friction, saturation, noise, dead-zone, bias fault and external disturbances. Simulation and testing results presented in the paper demonstrate that the attitude control system can provide successful pointing and tracking in the presence of system uncertainties for a specified class of reaction wheel failures. 
I. Introduction
Nanosatellites (spacecraft with a total mass of 1-10 kg) are becoming important not only as a means to educate, but also as scientific instruments to make specific measurements of the earth cost effectively and with greater flexibility due to their availability. For most large satellites that use an active ACS, a pure simulation or hardware-in-the-loop system using a software environment like Matlab and Simlink is very useful. However, an autonomous ACS that can be used on nanosatellites should be tested in a real time simulation environment. A nonlinear discrete-time control algorithm needs to be investigated to manage the nonlinear satellite sensor and actuator dynamics, but there have been few actual implementations. With the development of smaller and cheaper micro-processors, autonomous nonlinear discrete control algorithms should be possible for an ACS.
In the reference, 1 the reconfigurable fault-tolerant attitude control architecture and the associated Software and Hardware-in-the-Loop Test System for three-axis active control has been proposed at MIT. However, advanced control alogrithms have not been explored in detail. We aim to develop a next-generation non-linear attitude fault tolerant control system algorithm integrated with a novel spectrometer that will enable a cost-effective nanosatellite of 1-10kg mass to perform detailed spectrometry measurements of the atmosphere for monitoring the emission and spreading of greenhouse gases such as carbon dioxide. To allow a small spectrometer to make these measurements autonomously from a nanosatellite, an adaptive nonlinear controller is required that is efficient and accurate enough to operate with the power, computation, and actuation limitations present on a nanosatellite while compensating for sensor and actuator nonlinearities to achieve the required arc-minute accuracy.
The satellite motion is governed by kinematic and dynamic equations. The mathematical models are highly nonlinear and linear feedback control techniques are not suitable for the system design because the accuracy and precision decreases due to the contribution of the nonlinear terms. A comparative study of various control methods such as H 2 and H ∞ was applied for low Earth orbiting remote sensing satellites (509kg).
2 Most of the references 3, 4 for satellite tracking control did not consider hard nonlinearties such as Coulomb friction, saturations, noise, dead-zones and external disturbances. None of those references has given results for a small satellite with faults. Dynamics inversion and time-delay fault tolerant control methods have been developed for satellites with four reaction wheels and compared with PD controller.
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However, there is no analysis for the control accuracy performance with different initial conditions, different moments of inertia. Most of the fault tolerant control methods consider the system's ability to maintain its stability and performance with the fault. None of them presents control performance with a fault which is as good as the results without a fault. In the last several years, various structure control technologies have been used for the satellite tracking maneuver problem 4, 6 without faults. Fuzzy logic system is usually designed based on human expert knowledge in for of fuzzy rule. In most cases, we do not have enough expert knowledge in advance. The adaptive fuzzy methodology is used to build a proper fuzzy rule base. Fuzzy sliding mode controllers have been used for satellite attitude control systems 7 for a fault free case. The simulation results show that the fuzzy sliding mode controller works better than an LQR controller and reduces fuel consumption. In this research, the first order sliding mode fault tolerant controller with adaptive fuzzy control is used and compared with two novel fault tolerant control laws based on high order sliding mode theory and fuzzy logic systems.
The main contributions of this study relative to other works are as follows:
1. A novel fault tolerant control method uses a sliding mode control scheme and fuzzy logic system for precise attitude tracking in the presence of unknown time-varying satellite actuator faults. This proposed control integrated fault tolerant control approach gives higher tracking precision and effectiveness than using other existing methods.
2. The novel fault tolerant control proposed in this paper is applied to a student-built air bearing satellite simulator controlled by reaction wheels. Tests are performed to determine the effectiveness of the control theories under nominal operating conditions and simulated actuator faults.
II. Spacecraft Attitude Dynamics and Mathematical Model for Controller Design
The spacecraft is modeled as a rigid body with reaction wheels that provide torques about three mutually perpendicular axes that defines a body-fixed frame B. The equations of motion are given bŷ
where ω = (ω 1 , ω 2 , ω 3 ) T is the angular velocity of the spacecraft with respect to an inertial frame I and expressed in the body frame B; Ω is the angular velocity of the reaction wheel. J s ∈ R 3×3 is the inertia matrix of the spacecraft;Ĵ = J s − A i J w A T i ; τ ∈ R 3 is the torque control; A i is the 3 × 4 or 3 × 3 (depends on the layout and the number of the reaction wheels) matrix whose columns represent the influence of each reaction wheel on the angular acceleration of the satellite; d ∈ R 3 is the bounded external disturbance; x × ∈ R 3×3 represents the cross product operator for a vector x = (x 1 , x 2 , x 3 ) T given as
and the unit quaternion q = (q T , q 4 ) T = (q 1 , q 2 , q 3 , q 4 ) T represents the attitude orientation of a rigid spacecraft in the body frame B with respect to the inertial frame I, which is defined bȳ
where e is the Euler axis, and θ is the Euler angle. The unit quaternion q satisfies the constraint
The torques generated by the reaction wheels τ are given by
The inertia matrix J is a symmetric and positive definite matrix that satisfies the bounded condition given by
where J m and J M are positive constants, respectively. To address the attitude tracking problem, the attitude tracking error q e = (q T e , q 4e ) T is defined as the relative orientation between the body frame B and the desired frame D with orientation
T , and it is computed by the quaternion multiplication rule as
where q d ∈ R 4 and q e ∈ R 4 satisfy the constraints q 3 is the desired angular velocity. The control objective is to design the controller τ such that all signals involved in the resulting closed-loop system are uniformly ultimately bounded.
where T = [q 4 I + (q) × ] −1 . The dynamics error equation with actuator fault can be written as:
A dynamic model of the satellite's attitude tracking with multiplicative reaction wheel faults (e.g. reduced control torque) is represented by a diagonal matrix E.
III. Fault Tolerant Control Design
The linear sliding mode (LSM), the initial terminal sliding mode (TSM), and the nonsingular TSM (NTSM) can be described by the following first-order nonlinear differential equations:
respectively, where x ∈ R; k is a positive constant, and the positive odd integers p, q are chosen such that 1 < p/q < 2.
The nonsingular fast terminal sliding mode can be defined by the following nonlinear differential equation:
We rewrite Eq. (19) as
where Λ =q e + σ 1 sign(q e ) and β = σ 2qe The continuous nonlinear function ∆τ of the satellite can be approximated by fuzzy logic system.
where ξ F is the vector of the fuzzy basis function and is assumed to be fixed, while the parameters θ T F are the variable which will be designed by adaptive laws. It is assumed that there exists an optimal fuzzy logic system to learn the nonlinear terms ∆τ such that
where ε is the approximation error and is bounded. Approximation errors can be reduced by increasing the number of fuzzy rules. In order to decrease the number of fuzzy rules needed, we use the nonsingular fast terminal sliding surface s instead of the state x for the adaptive parameters. Then, the adaptive parameters θ are updated by the following adaptive laws: Then, the adaptive parameters θ are updated by the following adaptive laws:
where α is a positive constant and ρ = p/q. In order to guarantee that the estimated Fuzzy Logic System parameters remain within some known bounded sets, a smooth projection is considered in this chapter. Let θ be the estimation of the optimal weight matrix θ * , and define a smooth projection of θ as:
Each projection operator π jk is a real-value smooth nondecreasing function defined by
Defineθ = θ * − θ,θ π = θ * − θ π , and
where, V θ is positive definite with respect toθ jk for θ * jk ∈ [θ min,θ max ]. Furthermore,
The proposed attitude fault tolerant controller (AFSMC: fuzzy sliding mode control) design for a satellite is now given byτ
IV. Stability Analysis
Theorem: In the system Eq. (12), the nonsingular fast fuzzy terminal sliding control laws defined by Eqs. (30-31), with adaptive control laws given by Eq. (24) guarantee that all the signals of the closed loop system are bounded during actuator faults.
Proof of Theorem: The dynamics equations for the quaternion errors of the satellite can be written as:q e = e 1q e = e 2 (32)
Using Eq. (21), we obtainedṡ
Using the approximation property of Fuzzy Logic Systems, the unknown function f can be approximated over the compact set Ω d by Eq. (22). Substituting the control law Eqs. (30-31) into the error dynamics Eq. (12) yields the following dynamic equation for sliding surface s.
where
Consider the following Lyapunov function candidate
Thus, the time derivative of V is obtained asV
Due to the fact that
Substituting Eqs. (29) and (35) into Eq. (37), we obtain:
Using the inequality in the reference, 9 it is easy to obtain that
Using the well-known inequality:
The following inequality can be rewritten as
where c 5 is a positive constant satisfying c 5 < λ min (K 1 ) with λ min (K 1 ) being the minimum eigenvalue of the matrix K 1 . Eq. (39) becomeṡ
is a positive constant. Inequality Eq. (43) implies that the sliding surfaces are bounded. The state errorsq e andq e are bounded. All signals in the closed-loop system are uniformly ultimately bounded. Thus, we have demonstrated the stability of the overall closed-loop system and have given the stability proof.
V. Simulation Results
The simulation of the three proposed fault tolerant controller has been performed. The computing environment for this simulation is: Matlab R2009b (64bit), running on processor (core speed of 1596[MHz]) and 1 GB of RAM memory (bus speed of 199.6 [MHz]). The simulation results were presented in the reference 10 to illustrate the effectiveness of the control strategies. The total disturbances acting on the satllite include gravity gradient torque τ M and external disturbances d M . The external disturbances are chosen as (0.01)[sin(0.8t); cos(0.5t); cos(0.3t)] Nm. The dead zone and friction force on the reaction wheels are 1V and 0.002 Nm respectively. The maximum value for control input noise is 0.005 Nm. The other two modified existing attitude fault tolerant controllers using second order sliding mode control (2nd SMC) and third order sliding mode control (3rd SMC) 6 for a satellite are now given bŷ
It is difficult to findṡ ands. For Eq. 44, a first-order real-time differentiator 11 Q 0 and Q 1 is used in to estimate s andṡ.
For Eq. 45, a second-order real-time differentiator 11 Q 0 , Q 1 and Q 2 is used in to estimate s,ṡ ands. 
Seven Gaussian membership functions are defined for each variableÃ i , i = 1, 2, · · · , 7 as:
Tracking error performance using AFSMC, 2ndSMC and 3rdSMC controllers with faults are shown in Table 5 . The best controller for the fault free case is the 3rd SMC because the tracking error and control gain are the smallest. For the fault case, the 3rd SMC with a FLS is not the most robust controller, as the tracking error is the largest due to the fault. The 2nd SMC with a FLS controller is more robust, and the tracking error is smaller than that of the 3rd SMC due to the fault. However, the AFSMC controller is the best controller for the fault case. Table 6 , the quaternion norm and angular velocity norm of the proposed controllers (for fault free case) are compared with the existing reference. 3 In most cases, the tracking performance shown in the references is degraded heavily by faults. The tracking performace is usually not so good due to the fault. However, the quaternion norm and angular velocity norm of the proposed controller AFSMC are 10.4e − 5 and 5.3e − 4. These results are almost as good as the results in the reference 3 which are 9.6e − 5 and 5.75e − 4. 
VI. Nanosatellite Air Bearing Testing in York University
The current research is limited in terms of actual implementation. Accurately simulating the environment of outer space on Earth for testing of space hardware is a very difficult challenge. This complicates the process of hardware validation, since hardware performance must be evaluated during each test while performing the function appropriate to that environment, and the cumulative effect of environmental conditions cannot be at once determined. As a result, actual hardware performance data from operating satellites and space hardware is generally considered much more valuable than ground test data, and for most mission-critical hardware, it is preferrable to have been previously flight tested, except in the case of dedicated testing or demonstration missions. We are developing a test bed for the entire closed-loop attitude control system and payload with actual nanosatellite reaction wheel hardware on a 3-axis rotating air bearing 12, 13 to validate the system as shown in Figs. 6 and 7. To overcome faults and noise injected into the hardware, adaptive terminal sliding mode control laws with a fuzzy system, second order sliding mode control laws with a fuzzy system and third order sliding mode control laws with a fuzzy system are developed for discrete time, and tested on the spherical air bearing system. These controller laws can increase the attitude tracking control accuracy without using redundant reaction wheels. The experimental results show the proposed analytical fault tolerant control laws to be effective.
VI..1. Case 1 Results
The proposed AFSMC in this paper was applied to an air bearing attitude control testing system. The design parameters of control laws are in Tables 7, and 8. The AFSMC controller was used to perform a 90 degree yaw slew maneuver of a nanosatellite. The only other controller previously tested in this air bearing system was a PID controller. Figs. 8 and 9 show the results of a 90 degree slew of the system. Fig. 10 shows the controller values used. Fig. 11 shows the PWM signal sent to the reaction wheel system during this test. The nanosatellite makes a 90 degree slew with a settling time of roughly 60 seconds, settling on a steady state error of 0.8 degree using AFSMC. The PID controller has a steady state error of approximately 5 degree. 
Figs. 12 and 13 show the results of a 180 degree slew of the system with actuator fault. The fault occurred between t = 20 − 120s. Two actuator faults were tested. One is the "Reduction Fault" in which output torque is reduced by 50%. Another is the "Constant Fault" in which a constant torque offset of 25% of maximum is added between t = 20 − 120s. Fig. 14 shows the controller values used. Figs. 15 and 16 show the PWM signal sent to the reaction wheel system and the applied motor torque fraction of maximum. The nanosatellite makes a 180 degree slew with a settling time of roughly 150 seconds, settling on a steady state error of 0.8 degree using AFSMC. The PID controller still has a steady state error of approximately 5 degree.
VI..2. Case 2 Results
In this section, we test the adaptive fuzzy sliding mode controller, PID, 2nd SMC and 3rd SMC with actuator faults. Figs. 17 and 18 show the results of a 90 degree slew of the system. Fig. 19 shows the controller output during these tests. The tracking errors are nearly the same using all three controllers. The AFSMC controller needs less actuator energy than the other controllers. Fig. 20 shows a longer test for the 90 degree slew maneuver. Next, we added actuator faults using AFSMC, PID, 2nd SMC and 3rd SMC. Figs. 25, 26 , 27 and 28 show the error and AFSMC/PID control output signal for a 90 degree yaw slew of the system about the z-axis and roll 0 degree. Due to the difficulty of perfectly balancing the air bearing system, a gravitational disturbance, larger than normal in size, is considered to be present about the x and y rotational axes. The PID controller does not have as good tracking performance as the sliding mode controller. The AFSMC controller uses nearly the same gain and has much better tracking performance.
VII. Conclusions
Attitude control of small satellites is still predominantly performed by standard controllers such as Proportional-Integral-Derivative controllers. The implementation complexity of nonlinear control hinders the development of practical implementations for ACS. In this paper, numerical research on nonlinear control has been performed carefully. The purpose of this paper is to verify the proposed adaptive fuzzy sliding mode control law on an air bearing system. A similar approach with an air bearing system has been used at the Surrey space centre.
14 However, this work did not include fault tolerant control. The control in 14 uses PD and optimal control laws. In this paper, nonlinear AFSMC control has been successfully verified on an air bearing simulator.
